Abstract-Transition edge sensors (TES) offer some of the highest resolutions for solid-state X-ray spectrometers. We are developing TES detectors for use at hard X-ray synchrotron light sources for energy ranges up to 20 keV. Because TES resolving power scales inversely with the square root of heat capacity, it is important to have an absorber with both a small heat capacity and a large Xray stopping power. We are developing electroplated bismuth (Bi) absorbers to meet these criteria. Although Bi has a smaller Xray absorption at 20 keV than gold, the specific heat is up to two orders of magnitude smaller, allowing for much larger collection area (up to 1 mm 2 ) without significantly increasing the total device specific heat. However, due to its low thermal conductivity, Bi absorbers may have longer thermalization times. Also, some evaporated Bi absorbers may produce spectra with low-energy tails that will hinder X-ray line shape analysis and increase minimum detectability limits of trace metals for X-ray fluorescence microscopy. We examine the impact of plating current density, agitation, film thickness, and seed layer thickness on the grain size, residual resistance ratio, and uniformity of Bi absorbers. Additionally, we discuss processing considerations important for successful electroplating.
areas of X-ray fluorescence microscopy [1] ; X-ray absorption fine structure (XAFS), especially of dilute samples [2] ; X-ray emission spectroscopy [3] ; and Compton scattering [4] . In fact, TES detectors are already in use at synchrotrons, and research is under way to address key challenges that have thus far limited the use of TES detectors for synchrotron science [5] .
The work described in this paper centers on developing hard X-ray absorbers capable of operating in the 6-20 keV range. Such an absorber needs high stopping power but cannot add substantially to the heat capacity of the TES; otherwise, one pays a penalty in lost energy resolution. Several options exist, including superconductors (e.g. tantalum and tin), semiconductors (e.g. HgTe and HgCdTe), and semimetals (e.g. bismuth (Bi)). Bi is a popular choice that has been used for both bolometers [6] and calorimeters, meets both criteria for hard X-ray absorbers, and can be deposited via evaporation or electroplating [7] . Although Bi has a smaller X-ray stopping power at 20 keV than Au (35% versus 52% for 5 µm thick films), the specific heat is up to two orders of magnitude smaller, allowing for much larger collection area. However, there is evidence that some evaporated Bi absorbers produce spectra with undesirable low energy tails. Such low energy tails will hinder X-ray line shape analysis and increase minimum detectability limits of trace metals for X-ray fluorescence microscopy applications [8] . In an effort to improve the performance of the Bi absorbers, we have chosen to pursue electroplated Bi.
While not as widely researched as normal metals like gold (Au), electroplated Bi has been the subject of a number of studies. Brown [7] discussed the difference in grain structure between evaporated and electroplated Bi and showed a higher residual resistance ratio (RRR) for electroplated Bi with large grains. Sandnes [9] noted that grain size tends to increase with plated thickness, while Fabrega [10] observed that a 4 µm Bi film can have grains 1-10 µm in size depending on deposition conditions. Sandnes [9] also characterized surface morphology, texture, and crystal structure of plated films with two different Bi thicknesses plated on Au vs. copper (Cu) substrates with varying voltage potentials. Lien [11] found that crystal orientation depends only weakly on current density and stirring rate. We have chosen to examine the impact of plating current density, agitation (i.e. plating solution stirring rate), film thickness, and seed layer thickness on plated Bi grain size, thickness uniformity, and RRR.
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II. METHODS

A. Wafer Preparation
Electroplating requires the use of a conductive seed layer to provide a current pathway. Different thicknesses of Au were deposited on 3-inch diameter silicon wafers by sputtering to serve as a seed layer. The wafers were then patterned with AZ4620 resist to produce an electroplate mold approximately 7 µm thick. Prior to electroplating, a short O 2 plasma clean was used to remove any resist residual that might remain on the wafer surface after development. In addition to Au seed layers, we have electroplated Bi using Cu seed layers. In this case we did a Cu wet etch prior to plating to remove any oxide on the Cu surface [12] . However, all results reported in this paper use gold seed layers.
B. Electroplating
A "Beaker on a Stick" wafer plating holder from Silicon Valley Wafer Plating (http://www.waferplating.com) offered a convenient means of securing each wafer during plating, applying current, providing consistent placement for the platinum electrode, and transferring samples in and out of plating solution. For this application, a hanging version of the holder that could be suspended over a beaker was chosen. The electrolyte consisted of bismuth-nitrate pentahydrate dissolved in a mixture of potassium hydroxide, glycerol, and tartaric acid, buffered with nitric acid as required to fully dissolve [13] . Bi(NO 3 ) 3 hydrolyses to form a range of oxynitrate precipitates at pH lower than 1.0 [14] . We noticed the precipitates at a pH of 0.9; our operating pH was closer to 0.6. Because we observed that pH fluctuated as additional wafers were processed in the same batch of electrolyte, pH was measured between wafers. All wafers were plated at room temperature with agitation provided by a magnetic stir bar on a hot plate.
C. Mask Design
Absorbers were fabricated using two test masks: 1) plating test mask and 2) array test mask. The plating test mask [ Fig. 1(a) ] was designed to assess plating uniformity for variously sized structures [ Fig. 1(b) ] and to enable four-point resistance measurements [ Fig. 1(c) ]. These devices were used to calculate the RRR: the ratio of the resistance at 300 K and 4 K. RRR is useful as a preliminary surrogate for assessing film quality until such time as full TES devices are fabricated and tested [7] . Once the basic process was established using the plating test mask, additional wafers were patterned with the array test mask, which closely resembles our anticipated final detector design (Fig. 2) .
D. Understanding Plating Parameters
To understand the impact of plating parameters on film quality we varied the plating current density, stir bar agitation rate, seed layer thickness, and film thickness. Film quality was assessed in terms of thickness uniformity and grain size. Larger grains have been suggested to be associated with higher RRR and thus serve as a convenient measurement of the quality of the plated Bi [7] . RRR measurements were made on a subset of the films to confirm this relationship. Because the grain size of electroplated Bi is known to vary with plated film thickness [9] , the film thickness is a key design consideration beyond the thickness needed for sufficient stopping power. We estimated the grain size of our films from SEM images taken at a magnification of 5,000x. For the purposes of this study the grain size is represented as the average of the greatest and smallest diameter of three dimensional crystals as seen in the SEM image. Grain sizes were estimated to the nearest 0.5 µm based on scale bar tick marks of 0.5 µm and averaged to the nearest 0.25 µm. All grain size measurements were taken on 500 µm absorbers.
Wafers were plated at current densities of 1 mA/cm 2 , 1.5 mA/cm 2 , 2 mA/cm 2 , 3 mA/cm 2 , 4 mA/cm 2 , and 5 mA/cm 2 . Plating rate, uniformity, grain size, and RRR were assessed at the various current densities. Three stir speeds were tested: 60 rpm, 100 rpm, and 140 rpm. Uniformity was assessed by measuring step height with a Dektak 8 Contact Profilometer at five or six locations throughout the wafer, depending on which mask had been used for patterning. Thickness values were determined by averaging over a 500 µm profilometer scan per absorber. Uniformity is reported as the standard deviation of the thickness measurements.
The resistance of the Bi layer was determined from four wire measurements of 100 µm wide wires that were either 40 or 125 squares in length. To determine RRR, the resistance samples were placed in an ADR cryostat, and the resistance values at 300 K and 4 K were compared. When measuring the RRR of a bilayer such as the seed layer-absorber stack, the thickness of the seed layer is expected to impact the measured RRR ( [10] , also see discussion in Seciton III-D). To determine if the seed layer thickness also impacted the Bi grain size, we plated onto three different seed layer thicknesses: 20 nm, 60 nm, and 100 nm, and subsequently measured RRR and grain size.
III. RESULTS AND DISCUSSION
A. Plated Thickness
We examined the grain size in films with thickness ranging from 1.5 µm to 6 µm. As expected, grain size increased with film thickness [9] . SEM images of four different film thicknesses are displayed in Fig. 3 . Taken at the same magnification, the difference in grain size is clearly visible. For samples plated onto a 60 nm or 100 nm Au seed layer, grain size scaled linearly with film thickness, as shown in Fig. 4 . 2 µm films produced approximately 1.5 µm grains, and 5 µm films produced approximately 4 µm grains. Films plated onto 20 nm seed layers presented an interesting anomaly; grains were approximately 40% smaller compared to the 60 nm or 100 nm seed layer. This observation warrants further study. When a thicker seed layer is used, the grain size is limited primarily by the Bi thickness. Film thickness had no impact on thickness uniformity, with variations in uniformity for different layer thicknesses no larger than the wafer-to-wafer variation.
B. Current Density
We plated Bi films with current densities ranging from 1 mA/cm 2 to 5 mA/cm 2 . 1 mA/cm 2 was insufficient for this application; structures frequently displayed a fade-out appearance toward the edges. 1.5 mA/cm 2 worked well for the plating test mask, while a minimum of 2 mA/cm 2 produced more consistent coverage with the array test mask. As expected, plating rate increased as a function of current density with a roughly linear increase from 65 nm/min to 308 nm/min. Over this range the current density did not affect uniformity of the film, grain size and structure, or RRR value. 
C. Agitation
A small number of wafers were plated with a stirring speed of 140 rpm, but these films displayed numerous defects in the various structures, including randomly located bare spots. The remaining wafers were plated with stir speeds of 60 rpm and 100 rpm. The uniformity was about 2x better at 60 rpm: standard deviation of 12% vs. 23%. Stir speed did not affect grain size or structure.
D. Seed Layer Contribution to RRR and Grain Size
RRR as a function of Bi grain size are shown in Fig 5. Based upon the results of [7] , the RRR is expected to increase with increasing grain size. Comparing the RRR on the wafers plated on 60 and 100 nm shows only a small difference. For these films the RRR is flat or even slightly decreases with grain size. Note that a value around 1.0 has been cited as a benchmark [7] , although a value of 0.7 has also been reported [10] .
For the 20 nm seed layer, although with only two data points, there is an increase in RRR with grain size. We interpret this discrepancy as a convolution of the RRR of the seed and plated layers. If the bilayer is modeled as two parallel resistors, the bilayer RRR can be expressed as
where R is the resistance of a single layer and the subscript indicates the layer and measurement temperature respectively. Assuming the Au resistivity is constant with film thickness, as the Au seed layer thickness approaches zero, the measured bilayer RRR approaches the Bi RRR. For the 100 nm seed layer, the measured RRR is strongly influenced by the Au RRR, with thinner Bi layers showing a higher RRR due to a greater influence from the Au. As the Bi thickness increases, the measured RRR decreases as the influence of the Bi on RRR increases. For the 20 nm seed layer, the measured RRR is dominated by the Bi layer, and the measured RRR better reflects the true RRR of the Bi. In future work it would be informative to develop a plating structure to enable testing of the Bi RRR with no seed layer under the test structure. The smaller grain size of Bi plated onto a thin 20 nm seed layer may confound the ability to directly compare the effect of seed layer thickness on RRR. However, this anomaly could be useful for tuning grain size and/or RRR in future samples.
E. Process Considerations
Bi electroplating solution based on Bi nitrate requires a strongly acidic pH in order not to hydrolyse to oxynitrates which precipiate in the solution. Over time, the pH of the solution seems to rise as subsequent wafers are plated, causing the solution to turn cloudy after plating 10-12 wafers in the same batch of solution. Nitric acid may be added in order to lower the pH, but if the solution becomes too acidic, plating is inhibited. Lien [11] found that pH becomes an important determinant of crystal orientation at lower current densities. While we have not studied crystal orientation, we have taken steps to address the importance of pH by measuring pH before plating each wafer and by making adjustments as necessary to keep the pH in an acceptable range. pH also becomes important during the rinse stage of plating. Residual electrolyte on the wafer mixes with rinse water, causing the pH to rise enough to precipitate oxynitrates onto the wafer. The precipitate can be seen in the water visually and on the wafer via optical microscopy and SEM inspection. Adding a small amount of nitric acid to the first rinse eliminates this problem. Wafers can subsequently be rinsed in DI water.
In addition to pH, mask design is an important consideration. Our plating test mask (Fig. 1) has a set of absorber structures in the center of the wafer, surrounded by four larger resistance measurement structures. We found this center set of absorbers to be consistently thinner after plating than the rest of the wafer by an average of 22%. The height difference was more pronounced for the wafers with 20 nm seed layers. For these wafers, the center set of absorbers averaged 42% thinner than the rest of the wafer. We would suggest that the electrolyte may be locally depleted by the presence of larger structures. For a uniform plated layer across an entire wafer, an even distribution of structures may work best.
IV. CONCLUSION
We have developed a process for electroplating Bi absorbers for X-ray TES. We examined the impact of layer thickness, plating current density, agitation, and seed layer thickness on grain size, uniformity, and RRR. While current density determined plating rate as expected, it had no impact on grain size or thickness uniformity. Film thickness was the primary determinant of grain size, showing a roughly linear relationship. Slower agitation resulted in improved thickness uniformity. The grain size showed a slight decrease when plated onto 20 nm seed layers, but size still increased with Bi thickness. The change in grain size for the 20 nm films complicates the interpretation of the relationship between RRR and grain size, however based upon the bilayer resistor model, we believe that the results for a thin (20 nm) seed layer best represent that of the Bi indicating an increase in RRR with grain size. Finally, the pH is a key parameter of both the plating solution and rinse and should be closely monitored in order to produce consistent results.
Bi shows promise as an X-ray absorber for TES detectors. Future work includes exploring alternate methods to determine the Bi grain size, measuring RRR of the seed layer alone to calculate the Bi RRR or using a test structure with no seed layer, and coupling Bi absorbers to TES sensors for testing. Testing the TES sensors will enable us to calculate the heat capacity of the Bismuth and directly compare the performance of evaporated and electroplated bismuth films.
